Thick multi-layer metal stacking offers the potential for fabrication of rectangular waveguide components, including horn antennas, couplers, and bends, for operation at terahertz frequencies, which are too small to machine traditionally.
Introduction
Three dimensional gold plated rectangular waveguides (RWG) were fabricated to harness the terahertz (THz) portion of the electromagnetic spectrum corresponding to frequencies on the order of 10 12 cycles per second. THz radiation is highly sensitive in identifying molecules, has the ability to penetrate a wide variety of non-conductive materials, and broadcasts at a higher frequency than conventional wireless communication [7] . RWGs and antennas are needed to direct the propagation of the radiation and improve the spatial beam pattern emitted from THz quantum cascade lasers (QCL). Past research conducted to improve the spatial beam quality includes: manually soldering metal waveguides to the ends of QCLs [2] , capacitive waveguides developed with silicon wafers [1] , and coupling QCLs directly to hollow Pyrex tubing [4] . While these techniques are successful in improving the spatial quality of the THz radiation, manual assembly and fabrication is required. We demonstrate direct integration of RWGs onto THz QCLs as a manufacturable technique to improve the beam quality and utilize the benefits of THz radiation. We successfully developed three dimensional THz RWGs by repeating the sequence of seed metal deposition, photolithography and electrochemical deposition (ECD). For waveguides the sequence only needs to be repeated twice to create either standalone (SA) RWGs or RWGs integrated with other THz devices such THz quantum cascade lasers. The first layer of the process determines the vertical height, spacing, and directionality of the RWG walls and also provides the base for the second layer of the process. The second layer defines the lids of the RWGs. If more complicated structures are desired more layers could be applied. Once all the metal layers are created, and the photoresist (PR) molds have been removed, the now empty rectangular channels can be used to confine and guide the radiation emitted from a THz source. The purpose of this paper is to describe the process used to fabricate multilayer metal micromachined RWGs onto THz QCLs.
Fabrication of these stand-alone waveguides proceeded as follows: First a seed metal stack consisting of 200Å of titanium (Ti), 1000Å of gold (Au), and 200Å of Ti is evaporated onto 5" diameter silicon wafers using a Temescal CV8 electron beam evaporator. The initial Ti layer provides adhesion between the silicon wafer and the Au. The 1000Å thick Au layer serves as a conductive plating base for ECD and was also made thick enough to act as the bottom wall of the RWGs, preventing radiation leakage into the substrate. The top Ti layer is a sacrificial film used to protect the Au plating base during the processing prior to ECD.
Hexamethyldisilazane (HMDS) is deposited on top of the final Ti layer to promote adhesion of the PR. The ideal height for a TE10 3 THz waveguide is 37 microns. To create a photoresist mold this thick we spin coat the wafer with 5mls of JSR NFR-015 PR at a speed of 450 rpm for a total of 10 seconds. To prevent the PR from cracking due to the thermal shock of going directly into an oven bake, the solvent in the PR is allowed to evaporate during a relaxation period of 10 minutes at room temperature. Following this, the wafer undergoes a pre-exposure, soft bake at 90°C for 20 minutes and is allowed to cool to room temperature.
A Karl Suss MA6 aligner with a chrome mask is then used to transfer the waveguide wall pattern into the photoresist with exposure of 365nm light for 45seconds at 20mW/cm 2 . Vacuum contact is required to ensure vertical walls in the thick resist. A post exposure bake is performed on a hot plate at 100°C for 2 minutes with vacuum contact. The unexposed PR is then developed out in Rohm & Haas MF 321 developer, with stir bar agitation. Development times range from 5 to 6 minutes followed by a 30 second rinse in fresh developer solution. After development, the wafer is thoroughly rinsed in deionized (DI) water for 5 minutes and dried with nitrogen.
The wafer is then plasma cleaned in a Tepla Asher for one minute to ensure removal of residual PR from the seed metal in the developed regions. Residual PR will prevent dissolution of the top Ti layer which is needed before ECD. Figure 1 is a scanning electron microscope (SEM) image of the first layer PR mold for a meandering waveguide with horn antennas before ECD. The dark area is the PR mold while the light area is the exposed metal seed layer where the ECD will initiate to form waveguide walls. The dark meandering line of photoresist will define the air-filled region inside of the waveguide. Before ECD, the substrate is submersed in 1% hydrofluoric acid (HF) to dissolve the sacrificial Ti layer exposing the Au plating base. The substrate is thoroughly rinsed in DI water and intentionally left in water until it enters the plating bath. This facilitates thorough wetting of the PR mold in the plating bath. Nutronex 309i Au sulfite bath from Enthone is used to electrofill Au into the PR mold. The plating bath is operated at 50°C with constant bath circulation from pneumatic pumping. Alternating current ECD is performed galvanostatically at a peak current density of 2mA/cm 2 . Chemically isolated, electrical connection to the Au plating base is made through a Au pogo pin. The pogo pin is isolated by a Viton o-ring to avoid any additive plating area from the electrical contact. The rate of uniform ECD is controlled by the pulse regime and the bath dynamics.
The plating rate is calibrated for each layer of the process. A Dektak 3030 profilometer is used to determine the exact thickness of the PR prior to plating. After a given time, the sample is removed from the bath and the profilometer is used to measure the remaining height of the mold with respect to the top of the plated Au. This measurement is used to establish a plating rate in µm per minute. From this rate, a total plating time is calculated and the wafer is placed back into the bath to electrofill the Au walls to the top of the PR mold. Plating times for the first layer range from 8-10 hours. Figure 2 shows the electroplated walls of the RWGs with the surrounding PR removed. The photoresist was removed for imaging purposes. To create a complete waveguide it is necessary to leave the PR surrounding the walls to the RWGs intact to provide a planar base for the 2 nd layer process. Without the first layer PR mold intact, patterning and plating of the second layer waveguide lids would not be possible. After the first layer ECD the wafer is thoroughly rinsed with DI water, dried with nitrogen and then re-loaded into a Temescal electron beam evaporator. Before depositing the seed metal for the second layer process, the substrate is ion milled for 10 minutes. The ion mill cleans the surface of the RWG walls which improves adhesion of the second layer and prevents delamination of the lids. The 2 nd layer seed metal stack is identical in composition and function to the first, serving as the conductive surface for the 2 nd layer ECD. The 2 nd layer PR conditions are the same as the first layer with the exception of a decreased temperature in the pre-exposure soft bake, and an aligned exposure centering the RWG lids on the walls. The pre-exposure soft bake is conducted at 85°C to avoid over baking the first layer PR. To be used as waveguides, complete resist removal is essential which is increasingly difficult with hardened PR. The exposure dose, post exposure bake, development times and temperatures are consistent with the 1 st layer process. The samples are again plasma stripped for 1minute in a Tepla Asher prior to ECD. The PR mold defining the RWG lids is then electrofilled using the same conditions as the first layer and targeted to a specific thickness of 33 µm. Layer two plating times range from 6-8 hours. The SEM images in Figure  3 are of completed SA RWGs after both layers of PR have been removed. PR removal is explained in detail in the post processing section of this paper. Figure 3 (a) shows the result of electrofilling the openings in and covering the PR mold shown in Figure 1 . This horn antenna at one end of the RWG is coupled to an external THz source while the meandering channel guides the THz radiation from the input horn to the output horn. Figure 3 (b) is a magnified SEM image of the RWG horn aperture. We can deduce from this image that the height of the first layer electrofill is the same height as the mold since the bottom of the lid over the aperture is aligned with the top of the walls of the RWG therefore resulting in a rectangular channel. 
Waveguide Uniformity
Uniformity in the RWGs is necessary to accurately evaluate differences in beam patterns based on differences in horn shape and placement. Each wafer processed consists of 16 rows of 16 SA RWGs with variations including changes in overall length, total number of bends and channel width along the length of each row. After dicing the wafer into 16 testable strips, each RWG is individually coupled to an external THz laser and the beam output is compared to its neighboring devices. To ensure consistent heights in the RWGs, the PR and the plating thicknesses must be uniform across the entire active area of the substrate. Variations in wall or lid thickness within the active area result in variations in horn and channel geometry and change the output of the beam pattern beyond intended differences based on design.
The ECD process described is precisely controlled to deposit Au at a uniform rate across the entire wafer. Across 4" substrates, plated devices have been measured to vary less than 0.2µm in height. While the electrofilled material is very uniform, on a 4" substrate the thickness of the nominally 37um thick PR varies by more than 20% in thickness across the same substrate. Typical PRs are spun at thousands of rpm to generate uniform PR thickness with less than 1% deviation across an entire wafer. To obtain 37 µm tall walls, we spun the PR at the much slower rate of 450 rpm. At this spin speed a thick edge bead develops around the outer 20mm of the wafer. Single layer processes are often unaffected by edge beads as long as the metal deposition is controlled and can be stopped at or below the PR. However, multilayer processes like the one described here rely on the planarity of both the PR mold and the ECD for subsequent processing of additional layers.
Originally, this process was performed on 4" (100 mm) silicon wafers. Because of the slow spin speed the PR only has the desired thickness for radii less than 30 mm from the wafer center. Outside of this inner circle, the PR reached thicknesses upwards of 44µm. Since our waveguide mask places waveguides over an 80 x 80 mm area, several devices lie outside the area of uniform PR. The thick PR in the edge bead leads to non uniform underplated and overplated waveguides. When the Au is electrofilled to the top of the uniform PR in the center of the wafer the devices in the edge bead region become underplated with respect to the PR thickness. When the Au is filled to the top of the PR in the edge bead region the devices in the center of the wafer become overplated with respect to the PR thickness in the center of the wafer. Figure 4 shows the variations in RWG geometry based on the non uniformity of the PR mold. Figure 4(a) shows the result of underplated RWG walls with respect to PR thickness in the edge bead. The stepped lid seen here is evidence of this. In this SEM image, the height of the horn opening represents the thickness of the PR mold from the first layer process. This height is noticeably higher that the thickness of the walls. The thick PR in the edge bead leads to taller horn openings than intended. This RWG still contains the THz radiation in the rectangular channel but the height change alters the beam output and the propagation constant and mode structure inside the waveguide. Figure 4 (b) is a SEM image of the distortion generated from overplating the PR mold. Once the ECD exceeds the PR height, the plating is no longer confined and will mushroom on top of the PR. In this situation, the height of the channel is still defined by the photoresist thickness, but the lateral overplating translates through to the 2 nd layer lid and begins to pinch off the release holes that are spaced along the top of the lids. Figure 4 (c) is an image of a RWG lid conforming to overplated walls and the corresponding pinched off release holes. These release holes are used to aid in the removal of the PR encapsulated inside of the RWGs as explained in more detail in the next section. Figure 4(d) is an SEM image of a uniformly plated RWG where the plating and the resist height are planar with respect to each other, resulting in a properly shaped lid and horn opening. To correct the PR uniformity issues described above, various process modifications were tested. To allow for faster spin speeds and therefore a more uniform PR coating, the PR was cooled to -5ºC and spun at 1000 rpm. This resulted in a significant uniformity improvement with less than a 5% deviation in edge bead thickness with respect to the center of the wafer. However, at these conditions the PR could only be spun 20 µm thick, well below the required thickness. Other negative PRs specifically designed for thicker coatings were considered but rejected. Negative PRs designed for thicker coatings such as SU-8 are notoriously difficult to remove even when not encapsulated. Complete removal of NFR-015 is well documented with various techniques as described later in this paper. Therefore, techniques to work within the limitations of NFR were developed. Ultimately, the process was transitioned from a 4" Si wafer to a 5" Si wafer. With the larger substrate the extent of the edge bead measured from the edge of the substrate remained about 20 mm wide. Thus the increase in substrate size radially shifted the edge bead beyond the 80mm length of the strips providing an active area large enough for uniform device fabrication. In addition to uniform waveguides across the entire active area of the substrate, figure 5 shows a surface roughness characterization of the electroplated waveguide sidewalls. The data from a WYKO white light interferometer shows there is less than 180nm difference across the surface of the sidewalls with an average deviation less than 18nm. This uniform sidewall roughness decreases loss in the THz radiation as it propagates through the waveguides. All of the PR inside and outside of the RWGs must be removed upon completion of the second layer ECD, as residual PR left inside of the channels will affect the propagation of the THz radiation and the resulting beam pattern. Removing the PR outside of the RWGs is straightforward since it is directly exposed to the stripping solution, but removing the PR encapsulated within the inner volume of the RWGs is much more difficult. To aid in the removal of the PR, release holes are periodically spaced along the length of the RWG lids as illustrated in Figure 6 . Figure 6 (a) is a top down image of a completed RWG after PR removal, taken using a Numarsky lens on an optical microscope. Figure 6 (b) is a CAD drawing representing the PR encapsulated inside of the RWG. The cylindrical stack represented by height 'h' and diameter 'd' is the second layer PR that defines and fills the release holes in the lids of the RWGs. Without the release holes, the stripping solvent would only be able to reach the encapsulated PR through the horn openings. By fabricating release holes in the lid, the solvent can reach the inside of the channels along the length of the RWG as well. Inspection into the horn openings and down through the release holes provides only a limited indication of whether or not the PR has been fully stripped from inside of the RWGs. A more thorough inspection method is required for confirmation of PR removal during process development. To enable complete inspection of the inner waveguide volume, we processed test waveguides on optically transparent lithium disilicate wafers. The substitution of a glass wafer for a Si wafer alone did not allow for backside inspection of the RWGs; the seed metal stack also needed to be modified for transparency. The total thickness of the initial seed metal was reduced from 1400Å to a total of 100Å consisting of 50Å of Ti and 50Å of Au. The Ti layer is the thinnest film able to provide adequate adhesion to the substrate, while the Au layer is the thinnest layer able to provide adequate conductivity for thick ECD. No top Ti layer was used. The rest of the process for RWG fabrication is the same as described above. This method was used to fabricate devices for testing PR removal strategies but was not used to produce testable waveguides as the thin metals and would lead to substantial transmission loss.
To find a process capable of removing the PR from within the RWGs we explored different chemistries, temperatures and agitation techniques for the resist stripping. Three stripping chemistries were tested: JT Baker PRS 3000, Dynalloy Dynasolve 185, and piranha etch (3:1 H 2 SO 4 :H 2 O 2 ). Operating temperatures ranged from room temperature to 90°C. Agitation techniques included using stir bars, ultrasonic tanks and megasonic transducers. Although heating the PRS 3000 and Dynasolve 185 to 90°C increased the stripping rates when combined with stir bar and ultrasonic agitation, complete removal of the residual PR still took several days. Megasonic agitation better allowed the stripping solution to enter through the release holes and the RWG horn apertures, drastically decreasing the removal times from days to hours. Both PRS 3000 and Dynasolve 185 when heated to 90°C with megasonic agitation removed the PR from within the RWGs. The Dynasolve 185 cleared out the PR in ten hours compared to 20 hours with the PRS 3000.
The piranha etch with ultrasonic agitation proved to be the most efficient PR stripping method for the SA RWGs. The piranha etch is an exothermic reaction and did not require external heating. After three hours of stripping, all PR from within the RWGs was completely removed. Figure 7 consists of optical images taken through the transparent substrate at incremental times during the stripping process. Figure 7 (a) is an initial image showing the PR completely intact inside and outside of the RWG. Figure 7 (b) is an image taken 30 minutes into the stripping process. In this picture it is evident the PR is removed from the release holes. However, residual PR remains in the horn of the RWGs. The optical distortions seen along the length of the channel is the bottom of the 2 nd layer seed metal. Numarsky imaging shows small variations in height. Because the seed layer is not optically flat these distortions are seen after the PR is removed. The remaining PR seen in the horn opening is much denser and darker. Figure 7 (c) is a higher magnification image of the PR remaining in horn opening taken two hours into the process. Figure 7(d) is an image taken at three hours. In this picture, the bottom of the second layer seed metal appears uniform and consistent across the entire length of the channel confirming complete PR removal throughout the RGW. After the PR is stripped, the substrate is diced into 16 strips, each of which carries 16 different waveguides. Figure 8 is an image of a complete strip of RWGs. Six of the RWGs are straight with a length of 2.6 mm (excluding the horns) and 10 are meandering each with 24 bends and lengths ranging from 14 to 38 mm. The horizontal switchback running the length of the strip is not required for fabrication reasons but is in place to prevent light leakage during propagation measurements on the waveguides. Each strip is submersed in 1% HF to remove any of the sacrificial Ti that remained inside the waveguides after stripping to ensure that all the inner waveguide surfaces were gold. An ion beam is also used to remove the remaining seed metal that surrounds each of the devices. Initial measurements and characterization of these waveguides has been reported previously [11] .
Figure 8: Deliverable strip of 16 stand alone waveguides [7] 6. Integrated Waveguides on QCLs
The device fabrication described above was a preliminary step to integrate RWGs on top of substrates with QCLs. The SA RWG testing demonstrated a repeatable process for creating thick, multi layers stacks of hollow, rectangular, Au walled channels. Fabrication of integrated RWGs required modifying the process to accommodate non planar substrates with 10 micron tall QCL lasers on the surface. Because of the QCLs, the substrate changed to GaAs and was only 3" in diameter. A 15 x 17 mm piece of the laser material is flip chip bonded in the center of the GaAs carrier substrate using a GeAu to GeAu eutetic bond after which the laser material is processed into individual lasers on this carrier. After the lasers are completed, a gold seed layer is deposited across the carrier substrate and laser material as a conductive plating base for subsequent processing of the RWG. An additional difference between the SA and integrated RWG processes is the necessary alignment of the first layer 75 micron wide RWG channels to the 10µm tall, 65µm wide facets of the THz QCLs.
To reduce the chances of breaking the GaAs wafer during processing and losing the valuable QCL material, the GaAs wafer was attached to a Si wafer sub mount. To attach the GaAs substrate, Rohm & Haas SJR 5740 positive PR is spun on a 3" Si wafer at a speed of 2000 rpm for 30 seconds. The wafer is then placed on a bench top at room temperature for a 10 minute relaxation bake to allow bulk solvent removal from the PR. The GaAs/QCL substrate is then centered on the PR coated Si wafer and placed in an oven at 90°C for 20 minutes. Once removed from the oven, the attached substrate and sub mount are allowed to cool to room temperature. After this process, the GaAs/QCL substrate sub mounted to the Si wafer is rigid enough to withstand multiple layers of photolithographic processing and ECD.
As with the SA RWGs, we coated the metalized surface of the sub mounted wafer with HMDS to promote adhesion of the PR. Due to the smaller substrate only 3 mls of NFR-015 is needed to yield a 37 µm thick PR coating, All other spin conditions, relaxation and pre-exposure bake processes are identical to the SA process. Alignment of the first layer to the lasers and exposure is performed on the same MA6 tool under hard contact to a chrome mask. Alignment of the first layer is required to ensure the THz radiation emitted from the QCL facets is not obstructed by the RWG walls. The exposure dosage, post exposure bake, developments times, plasma clean, ECD conditions, and second layer process are identical to those used in the SA RWG process. Figure 9 shows two SEM images taken of the first layer of integrated RWG processing. The PR was removed for imaging purposes. Figure 9 (a) shows the entire shape of the RWG walls with square plated bond pads located along the length of where a QCL would normally be located. This image was taken on a GaAs wafer without QCL material. Figure 9 (b) is a higher magnification image of the interface where the QCL protrudes into one end of a RWG. Figure  10(a) is an SEM image of a completed integrated RWG after both layers of processing. Figure 10 
Integrated Waveguides Post Processing
While the piranha etch is the best for dissolving the PR from inside and outside of the SA RWGs is not compatible with the integrated RWGs, because sulfuric acid (H 2 SO 4 ) based etchants attack the GaAs substrate and QCL material. Therefore we used Dynasolve 185 heated to 90°C with megasonic agitation, which was shown above to be the next best PR removal process. Megasonic agitation is provided by a Sonosys 500W power supply operated at 50% power and a frequency of 1MHz. The paddle transducer is submerged inside a plastic tank filled with water. A narrow quartz beaker is placed on top of the transducer inside of the plastic tank. The quartz beaker is filled with solvent and the GaAs/QCL substrate is vertically suspended in the Dynasolve 185 with the substrate oriented such that the horn openings face the directional megasonic agitation. The Dynasolve 185 is heated using four Process Technology "V" series heaters submerged in the solvent. The water in the larger plastic tank is also heated by a hot plate at 70°C. The combination of the submersed heaters as well as the hot plate is necessary to heat the solvent to 90°C. To aid in PR removal, the Dynasolve 185 is refreshed with fresh solution every 2 hours.
This process was again tested on clear substrates without QCL material to determine the necessary conditions to remove all of the PR. Figure 11 consists of optical and SEM images taken at different times in the PR stripping process. Figure 11 (a) is a bottom view, through a clear substrate, of residual PR in the horn. Figure 11(b) is an SEM image of the same horn with residual PR still visible in the opening at 8hrs. Figure 11(c) is a top view image taken at 8hrs with residual PR visible in the release holes along the lid. 
Coefficient of Thermal Expansion Mismatch between GaAs and Au Waveguides
In order to lase the QCLs must be cooled to cryogenic temperatures. Cracking of the GaAs substrate around the RWGs was observed after cooling in some of the devices. This is the result of the coefficient of thermal expansion (CTE) mismatch between the GaAs and the Au RWGs (5.8 vs. 14 [10 -6 /K at 20K]) [11] . To address this issue, we tested a variety of modified RWG designs in order to reduce the stress concentrations from the Au/GaAs interface. Wall thicknesses were varied from 10-70µms wide. Also, the square corners were rounded and corrugations were added to some waveguides along the length of the walls to reduce the total area of Au in contact with the GaAs substrate while providing structural stability [10] . Notched horn designs were also tested.
This design of experiments was performed on 3" GaAs substrates void of any QCL material. After waveguide fabrication, the substrates were cooled to cryogenic temperatures, re-warmed, and then analyzed with an SEM. Figure  13 has SEM images of RWGs with 10 µm thick walls and no corrugation. Since the 10 µm thick walls have the least amount of metal in contact with the GaAs it was expected that this design would have the least amount of stress due to the CTE mismatch. However, the opposite was seen. Cracking occurred in waveguides with 10 µm thick walls because the small radius of the ends of the wall causes a large stress concentration at the end of the waveguide. In Figure 13(a) , the end of the 10 µm thick wall appears to be the initiation point of cracks in the GaAs wafer. In addition, thin Au ribbons are seen floating off the tip of the wall which results from the electrofilling of thin cracks in the photoresist which also appear to nucleate near sharp corners. These streamers typically wash away in the final DI rinse. Figure  13(b) shows another potential failure mechanism of the RWGs with the thinnest 10 µm thick walls. This RWG did not crack the GaAs substrate. However, the thick 33 µm lid delaminated. In all cases, the RWGs with 10 µm thick straight walls either cracked the GaAs wafer during testing or had the lids delaminate -the former probably because of the sharp stress gradient near the narrow tips and the latter probably because of the relatively small area of the contact between the layers. Figures 14(c) has corrugated 10µm wide walls. This RWG has a notched lid and shows no signs of delamination or substrate cracking. The waveguides with rounded wall widths greater than or equal to 20 µm had the best survival rate. It is believed that this success is a result of stress dissipation through rounded corners and corrugated walls, however further experimentation is necessary to determine the failure mode. 
CONCLUSION
In conclusion, we successfully developed a multi-level ECD process to make rectangular metallic waveguides with inner dimensions on the order of a few tens of microns, and the ability to clear the photoresist mold out of the mostly encapsulated interior of the waveguides. The resulting structures worked well as THz waveguides, providing a demonstration of a new way to manufacture high frequency waveguides when traditional machining techniques cannot create adequate structures. With appropriate care, the steps of seed metal deposition, photolithographic patterning and ECD can be repeated to create multiple layers and create 3D structures. High temperature megasonic stripping allowed for complete PR removal from inside of RWG channels. Backside inspection confirmed PR removal on samples with optically clear substrates. This process has potential for fabrication of additional RWG components, including horn antennas, couplers, and bends as well various MEMS devices.
